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PULSE WIDTH MODULATED POWER 
CONVERSION APPARATUS AND METHODS 
USING CAPACITOR-CHARGE FEEDBACK 

BACKGROUND OF THE INVENTION 

The present invention relates to power conversion appa 
ratus and methods, and more particularly, to pulse Width 
modulator (PWM) poWer conversion apparatus and meth 
ods. 

Pulse Width modulation is commonly used in sWitching 
type poWer converters, such as DC poWer supplies and 
DC-DC converters. In a typical PWM converter, a control 
circuit implements poWer conversion cycles Wherein a 
poWer source intermittently transfers poWer to a poWer 
transfer netWork, e.g., an LC ?lter netWork, transformer, or 
the like, for durations that are varied responsive to, for 
eXample, an output voltage produced by an output of the 
poWer transfer netWork. 

Control of pulse duration in a PWM converter may be 
accomplished in a number of different Ways. Referring to 
FIG. 1, a control circuit for a conventional PWM converter 
includes a charging circuit 1 that quickly charges a capacitor 
4 responsive to ?rst and second synchroniZation signals 
SYNCl, SYNC2. The capacitor 4 is discharged by a current 
mirror circuit 3 responsive to an output of an ampli?er 
circuit 2. In particular, the ampli?er circuit 2 generates a 
signal that controls the current mirror circuit 3, With the 
signal representing a difference betWeen and output voltage 
produced by the PWM circuit and a reference voltage VREF. 

The voltage on the charged capacitor 4 is reduced by the 
current mirror circuit 3 at a rate proportional to the magni 
tude of the signal produced by the ampli?er circuit 2. A 
voltage responsively produced at an emitter terminal of a 
transistor 5 is applied to a control input RT/CT of a Unitrode 
3843N Current Mode PWM Controller integrated circuit 6. 
The PWM controller integrated circuit 6 provides a drive 
signal DRV that has a duty cycle that varies responsive to the 
voltage applied at the control input RT/ CT. This pulse Width 
modulated drive signal DRV may be used, for eXample, to 
drive the input sWitching transistor of a forWard converter, 
or similar sWitching devices in buck regulator, boost 
regulator, or other PWM applications. 

Other techniques have also been proposed. For example, 
US. Pat. No. 6,130,828 to RoZman describes a DC-DC 
converter including a transformer having a primary Winding 
connected to an input circuit and a secondary Winding 
connected to an output channel. An ampli?er and an inte 
grator circuit are coupled to the output channel and control 
a sWitch that is coupled to the secondary Winding. A diode 
coupled betWeen the secondary Winding and the integrator 
circuit resets the integrator circuit. US. Pat. No. 6,222,747 
to Rinne et al. describes generating a pulse Width modulated 
transistor drive signal responsive to a comparison of a 
voltage error signal to a saWtooth reference Waveform. 

SUMMARY OF THE INVENTION 

According to some embodiments of the invention, a 
poWer converter apparatus includes a transformer having a 
primary Winding and a secondary Winding, a sWitching 
circuit operative to couple and decouple the primary Wind 
ing of the transformer to a poWer source, and a control 
circuit that controls the sWitching circuit. A feedback circuit 
is coupled to the output port of a poWer transfer netWork and 
to the control circuit. The feedback circuit generates a 
current responsive to an output voltage at an output port of 
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2 
a poWer transfer netWork, charges a capacitance responsive 
to the generated current, and intermittently discharges the 
capacitance responsive to a control signal generated by the 
control circuit. A modulator circuit is coupled to the feed 
back circuit and to the poWer transfer netWork, and selec 
tively couples the secondary Winding of the transformer to 
the poWer transfer netWork responsive to a voltage on the 
capacitance. 

In some embodiments of the invention, the feedback 
circuit includes an ampli?er circuit that generates the current 
responsive to comparison of the output voltage to a refer 
ence. For eXample, the ampli?er circuit may include a 
transconductance ampli?er circuit that generates the current 
proportional to a difference betWeen a reference voltage and 
a voltage representative of the output voltage. 

In further embodiments, the feedback circuit is further 
operative to generate a second current responsive to an 
output current derived from the output port to charge the 
capacitance responsive to the second current. For eXample, 
the feedback circuit may further include an ampli?er circuit, 
e.g., a second transconductance ampli?er circuit, that gen 
erates the second current responsive to a comparison of the 
output current to a reference. 

According to still further embodiments, the sWitching 
circuit includes a ?rst sWitching circuit, and the modulator 
circuit includes a comparator circuit that generates a sWitch 
control signal responsive to a comparison of the voltage on 
the capacitance and a threshold voltage and a second sWitch 
ing circuit that selectively couples the secondary Winding to 
the poWer transfer netWork responsive to the sWitch control 
signal. The apparatus may further include a feedforWard 
circuit that generates the threshold voltage responsive to a 
voltage applied to the primary Winding of the transformer. In 
yet further embodiments, the sWitch control signal includes 
a ?rst sWitch control signal, and the second sWitching circuit 
includes a ?rst sWitch that operates responsive to a second 
sWitch control signal, a second sWitch that operative respon 
sive to a third sWitch control signal, and a complementary 
driving circuit that generates the second and third sWitch 
control signals responsive to the ?rst sWitch control signal 
such that the ?rst and second sWitches operate in a substan 
tially complementary fashion. The complementary driving 
circuit may include a monostable driving circuit that gen 
erates the third sWitch control signal. 
The present invention may provide several advantages 

over conventional PWM converter apparatus. For eXample, 
according to some embodiments of the invention, the charg 
ing current may monotonically charge a capacitor to gener 
ate a comparator input, such that improved noise immunity 
can be provided in comparison to PWM control circuits that 
compare a voltage feedback signal to a ?Xed-slope ramp 
circuit. In some embodiments, synchroniZed operation of 
primary and secondary side modulators can be achieved in 
a relatively simple fashion by triggering operation of the 
secondary side modulator using a control signal generated 
by control circuit that controls the primary side modulator. 
Such an approach can also provide With additional noise 
immunity. The invention may be embodied as apparatus or 
methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram illustrating a conventional 
PWM control circuit. 

FIG. 2 is a schematic diagram illustrating a poWer con 
verter apparatus according to embodiments of the invention. 

FIG. 3 is a schematic diagram illustrating a poWer con 
verter apparatus according to further embodiments of the 
invention. 
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FIG. 4 is a Waveform diagram illustrating exemplary 
operations of the power converter apparatus of FIG. 3. 

FIG. 5 is a schematic diagram illustrating a poWer con 
verter apparatus With feedforWard compensation and current 
feedback according to other embodiments of the invention. 

FIG. 6 is a schematic diagram illustrating a secondary 
regulator apparatus according to still other embodiments of 
the invention. 

FIG. 7 is a schematic diagram illustrating a secondary 
regulator apparatus With feedforWard compensation accord 
ing to other embodiments of the invention. 

FIG. 8 is a schematic diagram illustrating a poWer con 
verter apparatus according to further embodiments of the 
invention. 

FIG. 9 is a schematic diagram illustrating a monostable 
drive circuit according to embodiments of the invention. 

DETAILED DESCRIPTION 

Speci?c embodiments of the invention noW Will be 
described more fully With reference to the accompanying 
draWings. This invention may, hoWever, be embodied in 
many different forms and should not be construed as limited 
to the embodiments set forth herein; rather, these embodi 
ments are provided so that this disclosure Will be thorough 
and complete, and Will fully convey the scope of the 
invention to those skilled in the art. In the draWings, like 
numbers refer to like elements. 

FIG. 2 conceptually illustrates a poWer converter appa 
ratus 200 according to embodiments of the invention. The 
apparatus 200 includes a poWer transfer netWork 210 that, as 
explained beloW, may take any of a variety of forms. The 
apparatus 200 further includes a modulator circuit 230 
operative to selectively apply poWer from a poWer source 10 
to the poWer transfer netWork 210 responsive to voltage 
VCAP generated on a capacitance, here shoWn as a capacitor 
CS of a feedback circuit 220. The feedback circuit 220 
includes a current source 222 that generates a current IC 

responsive to a voltage VOUT at an output port 211a, 211b 
of the poWer transfer netWork 210. The current IC charges 
the capacitor CS to develop the voltage VCAP that controls 
the modulator circuit 230. A discharge circuit 224 is opera 
tive to intermittently discharge the capacitor CS. 

It Will be appreciated that the invention is applicable to 
any of a Wide variety of sWitching poWer converter appli 
cations. For example, as described beloW, the invention may 
be used in isolated and non-isolated buck regulator and 
boost regulator regulators, in primary regulator applications 
such as clamped converters, and in other pulse-Width modu 
lator (PWM) converter applications. As also described 
beloW, the invention may further include current feedback 
and/or voltage feedforWard control to provide enhanced 
performance. 
An exemplary poWer converter apparatus 300 according 

to further embodiments of the invention is illustrated in FIG. 
3. The apparatus 300 includes a poWer transfer netWork 310 
that includes an inductor L and a capacitor C. A modulator 
circuit 330 selectively couples a voltage source 10 to the 
poWer transfer netWork 310 responsive to voltage VCAP on 
a capacitor CS of a feedback circuit 320. The feedback 
circuit 320 generates the voltage VCAP responsive to a 
sense voltage VOUTSENSE derived from a voltage VOUT 
at an output port 311a, 311b of the netWork 310. 

In greater detail, the feedback circuit 320 includes a 
transconductance ampli?er 322 the generates the current IC 
that charges the capacitor CS. The transconductance ampli 
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4 
?er 322 may include any of a number of different circuits 
knoWn to those skilled in the art, and Will not be described 
in further detail herein. The transconductance ampli?er 322 
generates a current IC proportional to a difference betWeen 
the voltage VOUTSENSE and a reference voltage VRl such 
that the current IC represents a difference betWeen the 
voltage sense voltage VOUTSENSE and the reference volt 
age VRl. The current IC charges the capacitor CS to 
generate the voltage VCAP. The capacitor CS is discharged 
by a sWitch SD responsive to a discharge control signal 
DSCHRG, Which may be periodic clock signal, as described 
beloW With reference to FIG. 4. The discharge sWitch SD 
may include any of a number of different sWitching devices 
including, but not limited to, transistors and other solid state 
sWitching devices. 
The modulator circuit 330 includes a comparator 332 that 

generates a control signal used to control ?rst and second 
sWitches S1, S2 in a substantially complementary manner 
responsive to a comparison of the capacitor voltage VCAP 
and a reference voltage VR2. In particular, the comparator 
332 controls the ?rst sWitch S1 by generating a ?rst sWitch 
control signal DS1 via an inverter 334 and a turn-on delay 
336, and controls the second sWitch S2 by generating a 
second sWitch control signal DS2 via a second turn-on delay 
338. The turn-on delays 336, 338 provide suf?cient delay 
betWeen turning off one of the sWitches S1, S2 and turning 
on the other of the sWitches S1, S2 to reduce or avoid 
cross-conduction of the sWitches S1, S2. The sWitches S1, 
S2 may include any of a number of different types of 
sWitching devices, including but not limited to, solid state 
sWitching devices, such as metal oxide semiconductor ?eld 
effect transistors (MOSFETs). 

Exemplary operations of the apparatus 320 Will noW be 
described With reference to the timing diagram of FIG. 4. As 
shoWn in FIG. 4, the discharge signal DSCHRG applied to 
the discharge sWitch SD is a periodically-pulsed signal With 
a period TSW. A “high” pulse of the discharge signal 
DSCHRG causes the sWitch SD to close and thereby dis 
charge the capacitor CS. The pulse in the discharge signal 
DSCHRG causes the sWitch drive signals DS1, DS2 to go to 
respective “loW” and “high” levels, such that the sWitches 
S1, S2 are “off” and “on,” respectively. For simplicity of 
illustration, turn-on delays of the sWitches S1, S2 are 
ignored in FIG. 4. The Width of the pulse in the discharge 
signal DSCHRG as illustrated in FIG. 4 is representative, 
and may vary Within the scope of the invention. 
When the DSCHRG signal again goes “loW” at time t1, 

the charging current IC generated by the transconductance 
ampli?er 322 begins to charge the capacitor CS and, thus, 
causes the capacitor voltage VCAP to rise. For purposes of 
simplicity of presentation, the charging process is shoWn as 
approximately linear in FIG. 4, Which generally corresponds 
to the current IC remaining approximately constant during 
the charging interval t1 to t2. HoWever, it Will be appreciated 
that the rate of change of the voltage VCAP is generally 
dependent upon the level of the current IC, Which is, in turn, 
dependent upon the difference betWeen the voltage VOUT 
SENSE and the reference voltage VRl. Therefore, the rate 
of change of the voltage VCAP during charging intervals, 
such as the interval t1 to t2, may generally be non-linear due 
to, for example, ?uctuations in the voltage VOUTSENSE 
arising from ?uctuations in the output voltage VOUT. 
At a time t*, the capacitor voltage VCAP exceeds the 

reference voltage VR2. This causes the comparator 332 to 
change the states of the sWitches S1, S2 such that they are 
“on” and “off,” respectively. This begins a poWer transfer or 
“conduction” phase of the cyclical operation of the appara 



US 6,703,817 B2 
5 

tus 300, as current begins to How from the power source 10 
to the power transfer netWork 310. This conduction phase 
ends at time t2, When the discharge control signal DSCHRG 
again goes “high,” closing the sWitch SD and discharging 
the capacitor CS. This causes the comparator 332 to toggle 
the sWitches S1, S2 to respective “off” and “on” states, With 
the delay 336 providing a delay in turning on the second 
sWitch S2 after opening of the ?rst sWitch S1 sufficient to 
prevent cross-conduction. It Will be appreciated that the 
length of the “on” interval of the sWitch S1 and, thus, the 
length of the conduction phase of the converter cycle, is 
controlled by the rate of change of the voltage VCAP, Which 
controls the time td before the beginning of the conduction 
phase (e.g., t*). 

In particular, the operation illustrated in FIG. 4 can be 
characteriZed as “leading edge” modulation, i.e., the leading 
edge or initiation of the conduction phase (as indicated by 
the sWitch control signal DS1 in FIGS. 3 and 4) is modulated 
responsive to the feedback, for example, the capacitor 
voltage VCAP generated responsive to the voltage sense 
signal VOUTSENSE. This contrasts With so-called “trailing 
edge” modulation, in Which the leading edge or initiation of 
a conduction phase coincides With a clock signal transition 
and the trailing edge, i.e., the termination, of the conduction 
phase is modulated responsive to, for eXample, a voltage 
feedback signal. 

The invention can be particularly advantageous in leading 
edge modulation applications. For example, in a trailing 
edge modulation application in Which the connections to the 
transconductance ampli?er 322 are reversed and the drive 
signals DS1, DS2 inverted in comparison to the con?gura 
tion and operations illustrated in FIGS. 3 and 4, limits on the 
speed at Which the feedback capacitor CS can be charged 
can effectively limit the minimum duty cycle at Which the 
sWitch S1 can be operated to be greater than Zero, such that 
sWitch S1 is constrained to be “on” for a signi?cant time 
during each conversion cycle. Such constraints can cause 
undesirable gain characteristics under light loading condi 
tions. In contrast, in the leading edge modulation con?gu 
ration and operations illustrated in FIGS. 3 and 4, the duty 
cycle of the sWitch S1 can go to Zero, i.e., the current IC can 
be sufficiently loW to prevent the capacitor voltage VCAP 
from eXceeding the threshold voltage VR2 before the dis 
charge of the capacitor CS by the discharge signal 
DSCHRG, such that the sWitch control signal DS1 does not 
go “high” during a given cycle. In such leading edge 
operations, constraints on the rate at Which the capacitor CS 
can be charged can limit the maXimum duty cycle at Which 
the sWitch S1 can be operated, Which may be more accept 
able and/or desirable than a limit on minimum duty cycle. 

The transconductance ampli?er 322 preferably operates 
to maintain a positive current IC (in the sense indicated by 
the arroW in FIG. 3), such that the voltage VCAP mono 
tonically increases during each charging interval (e.g., t1 to 
t2). This can provide improved noise immunity over, for 
eXample, conventional designs that use a comparator that 
compares a typically ?uctuating, non-monotonic voltage 
error signal to a ?Xed-slope ramp reference signal, and 
Which can exhibit oscillation or other false triggering. In 
embodiments of the invention, noise immunity can be even 
further improved by providing hysteresis in the comparator 
332. 

In a poWer converter apparatus 300‘ according to embodi 
ments of the invention illustrated in FIG. 5, a current 
feedback function may be added. The apparatus 300‘ 
includes many of the same components of the apparatus 300 
of FIG. 3, With like components indicated by like reference 
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6 
numerals. Further discussion of these components Will be 
omitted in light of the foregoing discussion of FIG. 3. 
The poWer converter apparatus 300‘ differs from the 

apparatus 300 in that it further includes a feedback circuit 
320‘ that has second transconductance ampli?er 324 that 
receives a voltage IOUTSENSE that is indicative of an 
output current derived from the output port 311a, 311b of the 
poWer transfer netWork 310. The second transconductance 
ampli?er 324 generates a current IC‘ proportional to a 
difference betWeen the voltage IOUTSENSE and a reference 
voltage VR3. In particular, the second transconductance 
ampli?er 324 may be con?gured to reduce the rate of 
charging of the capacitor CS as the output current increases. 
Thus, the second transconductance ampli?er 324 can reduce 
the “on” time of the ?rst sWitch S1 and increase the “off” 
time of the second sWitch S2 responsive to an overcurrent 
condition. 

FIG. 6 illustrates a poWer converter apparatus according 
to further embodiments of the invention. In particular, FIG. 
6 illustrates a secondary regulator apparatus 600 for regu 
lating an output voltage VOUT produced from a voltage VS 
produced at a secondary Winding of a transformer T that has 
its primary controlled by a pulse Width modulator circuit 
including a transistor 12 and a PWM controller 11 that 
generates a sWitch control signal SDiP that controls the 
primary transistor 12. The apparatus 600 includes a poWer 
transfer netWork 610 including an inductor L and a capacitor 
C, coupled to the secondary Winding of the transformer T by 
a rectifying diode D. A modulator circuit 630 includes ?rst 
and second sWitches S1, S2 that selectively couple the 
secondary of the transformer T to the poWer transfer netWork 
610 responsive to voltage VCAP on a capacitor CS of a 
feedback circuit 620. It may be noted that the diode D may 
be a separate rectifying diode (e.g., in the case in Which the 
?rst sWitch S1 is a MOSFET With a body diode that cannot 
block reverse voltage) or may be integrated With the sWitch 
S1. 

The feedback circuit 620 generates the voltage VCAP 
responsive to a voltage VOUTSENSE derived from a volt 
age VOUT at an output port 611a, 611b of the poWer transfer 
netWork 610. The feedback circuit 620 includes a transcon 
ductance ampli?er 622 that generates a current IC propor 
tional to a difference betWeen the voltage VOUTSENSE and 
a reference voltage VR1. The current IC charges the capaci 
tor CS to generate the voltage VCAP. The capacitor CS is 
discharged by a sWitch SD responsive to a discharge control 
signal DSCHRG generated by a discharge control circuit 
628. 

The discharge control circuit 628 generates the discharge 
control signal DSCHRG responsive to the PWM controller 
11. For eXample, in the leading edge modulator application 
illustrated, the discharge control circuit 628 may include a 
?lter circuit including a capacitor CF and a resistor RF, and 
the discharge control signal DSCHRG may be generated 
responsive to a signal SDiPB that is complementary to the 
sWitch control signal SDiP. Alternatively, the ?lter circuit 
CF, RF may be driven by the sWitch control signal SDiP 
using an inverter I. It Will be understood that the degree of 
coincidence of the falling edge of the voltage VS and the 
closing of the discharge sWitch SD need not be substantially 
great. It Will be understood that other con?gurations for the 
discharge circuit 628 may also be used With the invention. 

Generating the discharge control signal DSCHRG from a 
control signal generated by the primary side PWM controller 
11 can provide several advantages. For eXample, generating 
the discharge control signal DSCHRG in such a manner can 
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provide a high degree of synchronization betWeen the opera 
tion of the switches S1, S2 and the operation of the primary 
switching transistor 12. Furthermore, in contrast to, for 
example, a discharge control signal generated directly from 
the secondary voltage VS that may, for example, exhibit 
transients When the sWitches S1, S2 operate, the discharge 
control signal DSCHRG generated from a primary side 
control signal may be less susceptible to noise or transients 
that could cause inadvertent discharge of the capacitor CS. 

The feedback circuit 620 also includes a second transcon 
ductance ampli?er 624 that receives a voltage IOUTSENSE 
that is indicative of an output current derived from the output 
port 611a, 611b of the poWer transfer netWork 610. The 
second transconductance ampli?er 624 generates a current 
IC‘ proportional to a difference betWeen the voltage IOUT 
SENSE and a reference voltage VR3. In particular, the 
second transconductance ampli?er 624 may be con?gured to 
reduce the rate of charging of the capacitor CS as the output 
current increases. In this manner, the second transconduc 
tance ampli?er 624 can reduce the “on” time of the ?rst 
sWitch S1 and increase the “off” time of the second sWitch 
S2 under overcurrent conditions. 

The modulator circuit 630 includes a comparator 632 that 
generates a control signal used to control ?rst and second 
sWitches S1, S2 in a substantially complementary manner 
responsive to a comparison of the capacitor voltage VCAP 
and a reference voltage VR2. In particular, the comparator 
632 controls the ?rst sWitch S1 via an inverter 634 and a 
turn-on delay 636 and directly controls the second sWitch 
S2. The ?rst sWitch S1 can be operated With natural com 
mutation at turn off, i.e., the current may be reduced to 
substantially Zero as a result of turn-off of the primary 
transistor 12, such that a delay in closing the second sWitch 
S2 may be unnecessary. 

According to further aspects of the invention, improved 
performance for a poWer converter apparatus may be 
achieved using feedforWard compensation. Referring back 
to FIGS. 3 and 4, the output voltage VOUT of the poWer 
converter apparatus 300 may be expressed as: 

VOUT: vs(1 (1) 

Where t d is the time interval from the time the capacitor CS 
is discharged to the time the ?rst sWitch S1 begins conduc 
tion and TSW is the period of operation of the sWitches S1, 
S2. Assuming that the current IC is limited to a maximum 
value ICMAX, the value of the time interval td may be given 
by: 

C- VR2 
Id = —, 

ICMAX 

(2) 

Where C is the capacitance of the capacitor CS. Substituting 
equation (2) into equation (1) yields: 

c (VOUT- vs) l—VR2-i]— i-ICMAX-TSW. ICMAX - TSW vs- c 

3 
VOUT=V () 

The output voltage VOUT may be made substantially inde 
pendent of the input voltage VS by varying the threshold 
voltage VR2 appropriately With the input voltage VS. For an 
ideal feedforWard situation, the threshold voltage VR2 may 
be given by: 
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ICMAX - TW (4) 

As illustrated in FIG. 7, a poWer converter apparatus, such 
as the secondary buck regulator apparatus 600 of FIG. 6, 
may be improved by adding feedforWard compensation. In 
particular, the poWer converter apparatus 600‘ according to 
embodiments of the invention illustrated in FIG. 6 includes 
like components to those of the apparatus 600 of FIG. 6, as 
indicated by like reference numerals. The poWer converter 
apparatus 600‘ further includes a feedforWard circuit 640 
that subtracts a scaled version of the input voltage VS from 
a reference voltage VR2, and applies the resultant feedfor 
Ward compensated threshold signal V* to the comparator 
632 of the modulator circuit 630. The feedforWard circuit 
640 includes a sampling and scaling circuit 642 that pro 
duces the voltage that is subtracted from the reference 
voltage VR2 at a summing circuit 644. In operation, the 
feedforWard circuit 640 acts to maintain the open loop gain 
of the apparatus 600‘ approximately constant as the input 
voltage VS varies. This can be advantageous, as variation of 
the open-loop gain may hamper rejection of input ripple and 
may hinder compensation of the control loop. 

It Will be appreciated that the apparatus 600‘ of FIG. 7 
implements a linear approximation of the function of equa 
tion (4): 

V*=VR2-B-VS, (5) 

Where B is the scaling provided by the sampling and scaling 
circuit 642. It Will be appreciated that other feedforWard 
con?gurations may be used With the invention, including 
feedforWard circuits that more closely approach the ideal 
behavior described by equation (4), including circuits that 
provide higher-order approximations than the circuitry illus 
trated in FIG. 7. 

It Will be appreciated that the invention may used in any 
of a variety of different pulse-Width modulated poWer con 
verter applications. For example, in addition to the non 
isolated buck regulator applications of FIGS. 3—5 and the 
secondary regulator applications illustrated in FIGS. 6 and 7, 
the invention may also be used in a clamped converter 
application as illustrated in FIG. 8. Referring to FIG. 8, in a 
clamped converter poWer converter apparatus 800 according 
to some embodiments of the invention, a modulator circuit 
830 selectively couples a poWer source 10 to a poWer 
transfer netWork that includes a transformer 810 and a 
clamping capacitor CC responsive to voltage VCAP on a 
capacitor CS of a feedback circuit 820. The feedback circuit 
820 generates the voltage VCAP responsive to a voltage 
VOUTSENSE derived from a voltage VOUT at an output 
port 811a, 811b of the transformer. 

The feedback circuit 820 includes a transconductance 
ampli?er 822 that generates a current IC proportional to a 
difference betWeen the voltage VOUTSENSE and a refer 
ence voltage VR1. The current IC charges the capacitor CS 
to generate the voltage VCAP. The capacitor CS is dis 
charged by a sWitch SD responsive to a discharge control 
signal DSCHRG. The feedback circuit 820 also includes a 
second transconductance ampli?er 824 that receives a volt 
age IOUTSENSE that is representative of an output current 
derived from the secondary of the transformer 810, e.g., and 
output current from a recti?er or other circuit connected to 
the output port 811a, 811b. The second transconductance 
ampli?er 824 generates a current IC‘ proportional to a 
difference betWeen the voltage IOUTSENSE and a reference 
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voltage VR3. In particular, the second transconductance 
ampli?er 824 may be con?gured to reduce the rate of 
charging of the capacitor CS as the output current increases. 
Thus, under overcurrent conditions, the second transconduc 
tance ampli?er 824 can reduce the “on” time of the ?rst 
sWitch S1 and increase the “off” time of the second sWitch 
S2. 

The modulator circuit 830 includes a comparator 832 that 
generates a control signal used to control ?rst and second 
sWitches S1, S2 in a substantially complementary manner 
responsive to a comparison of the capacitor voltage VCAP 
and a reference voltage VR2. In particular, the comparator 
832 controls the second sWitch S2 via a ?rst delay 836 and 
the ?rst sWitch S1 via an inverter 834 and a second delay 
838, With the delays 836, 838 providing a suf?cient turn on 
delay to reduce and/or prevent cross-conduction of the 
sWitches S1, S2. 

Failures may occur in clamped converters and synchro 
nously recti?ed outputs of DC to DC converters When either 
the forWard conduction sWitch (e.g., S1 in FIGS. 3 and 5—8), 
the freeWheeling sWitch (S2 in FIGS. 3 and 5—7), or the 
clamp sWitch (S2 in FIG. 8) remain in either a conducting 
state or in a non-conducting state for a prolonged period. For 
example, referring to FIG. 3, leaving S1 “off” While turning 
S2 “on” for an extended period places the output capacitor 
C in parallel With the output inductor L for an extended 
period, Which effectively shorts the output of the converter 
apparatus 300. This can be especially damaging When such 
a defectively operating converter is connected in parallel 
With other converters, as the defective converter Will also 
effectively short the outputs of the other converters. 

According to other aspects of the invention, such a 
problem can be solved using a drive circuit con?guration 
such as that illustrated in FIG. 9. In particular, FIG. 8 
illustrates a converter apparatus 900 along the lines of the 
converter apparatus 300 of FIG. 3, With like components 
indicated by like reference numerals. The apparatus 900 
includes a modulator circuit 330‘ including a monostable 
driving circuit 339 for driving the freeWheeling sWitch S2. 
The monostable driving circuit 339 includes a capacitor CD, 
a diode D, and a resistor R. The duration of a pulse generated 
by the driving circuit 339 can be set to be slightly longer than 
the sWitching period (e.g., TSW of FIG. 4) of the converter 
circuit 900. Because the driving circuit 339 is reset each time 
the drive signal for the freeWheeling sWitch S2 goes “loW,” 
the driving circuit 339 generally does not in?uence the 
duration of the drive pulse DS2‘ under normal operating 
conditions. If the forWard conducting sWitch S1 is turned 
“off” for an extended time, for example, due to failure of the 
sWitch S1 or circuitry that controls sWitch S1, the signal 
generated by the comparator 332 Will stay “high.” HoWever, 
the monostable driving circuit 339 Will generate a single 
pulse in the drive signal DS2‘ that is slightly longer than the 
sWitch period and then return and remain “loW” to turn 
sWitch S2 off and prevent extended shorting of the output of 
the converter apparatus 900. Similar driving circuits can be 
used With the embodiments of FIGS. 5—8. It Will be further 
appreciated that such monostable driving circuit can be used 
With other types of PWM converters, including both leading 
and trailing edge converters. 

In the draWings and foregoing description thereof, there 
have been disclosed typical embodiments of the invention. 
Terms employed in the description are used in a generic and 
descriptive sense and not for purposes of limitation, the 
scope of the invention being set forth in the folloWing 
claims. 
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10 
That Which is claimed: 
1. A poWer converter apparatus, comprising: 
a transformer having a primary Winding and a secondary 

Winding; 
a sWitching circuit operative to couple and decouple the 

primary Winding of the transformer and a poWer 
source; 

a control circuit that controls the sWitching circuit; 
a poWer transfer netWork having an input port and an 

output port; 
a feedback circuit, coupled to the output port of the poWer 

transfer netWork and to the control circuit, that gener 
ates a current responsive to an output voltage at the 
output port of the poWer transfer netWork, that charges 
a capacitance responsive to the generated current, and 
that intermittently discharges the capacitance respon 
sive to a control signal generated by the control circuit; 
and 

a modulator circuit, coupled to the feedback circuit and to 
the poWer transfer netWork, that selectively couples the 
secondary Winding of the transformer to the poWer 
transfer netWork responsive to a voltage on the capaci 
tance. 

2. An apparatus according to claim 1, Wherein the feed 
back circuit comprises an ampli?er circuit that generates the 
current responsive to comparison of the output voltage to a 
reference. 

3. An apparatus according to claim 2, Wherein the ampli 
?er circuit comprises a transconductance ampli?er circuit 
that generates the current proportional to a difference 
betWeen a reference voltage and a voltage representative of 
the output voltage. 

4. An apparatus according to claim 1, Wherein the feed 
back circuit is further operative to generate a second current 
responsive to an output current derived from the output port 
to charge the capacitance responsive to the second current. 

5. An apparatus according to claim 4, Wherein the feed 
back circuit further comprises an ampli?er circuit that 
generates the second current responsive to a comparison of 
the output current to a reference. 

6. An apparatus according to claim 5, Wherein the ampli 
?er circuit comprises a transconductance ampli?er circuit 
that generates the second current responsive to a comparison 
of a voltage representative of the output current to a refer 
ence voltage. 

7. An apparatus according to claim 1, Wherein the sWitch 
ing circuit comprises a ?rst sWitching circuit, and Wherein 
the modulator circuit comprises: 

a comparator circuit that generates a sWitch control signal 
responsive to a comparison of the voltage on the 
capacitance and a threshold voltage; and 

a second sWitching circuit that selectively couples the 
secondary Winding to the poWer transfer netWork 
responsive to the sWitch control signal. 

8. An apparatus according to claim 7, Wherein the poWer 
transfer circuit, the feedback circuit and the modulator 
circuit form a buck regulator. 

9. An apparatus according to claim 7, further comprising 
a feedforWard circuit that generates the threshold voltage 
responsive to a voltage applied to the primary Winding of the 
transformer. 

10. An apparatus according to claim 7, Wherein the sWitch 
control signal comprises a ?rst sWitch control signal, and 
Wherein the second sWitching circuit comprises: 

a ?rst sWitch that operates responsive to a second sWitch 
control signal; 
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a second switch that operative responsive to a third sWitch 
control signal; and 

a complementary driving circuit that generates the second 
and third sWitch control signals responsive to the ?rst 
sWitch control signal such that the ?rst and second 
sWitches operate in a substantially complementary 
fashion. 

11. An apparatus according to claim 10, Wherein the 
complementary driving circuit includes a monostable driv 
ing circuit that generates the third sWitch control signal. 

12. A poWer converter apparatus, comprising: 
a poWer transfer netWork; 
a transconductance ampli?er circuit, coupled to an output 

port of the poWer transfer netWork, that generates a 
current proportional to a difference betWeen a voltage 
sense signal representative of an output voltage at the 
output port and a reference voltage; 

a capacitor, coupled to the transconductance ampli?er 
circuit, that charges responsive to the generated cur 
rent; 

a discharge circuit that intermittently discharges the 
capacitor; 

a comparator circuit, coupled to the capacitor, that gen 
erates a sWitch control signal responsive to a compari 
son of a voltage on the capacitor to a threshold voltage; 
and 

a sWitching circuit, coupled to the comparator, that selec 
tively couples a poWer source to the poWer transfer 
netWork responsive to the sWitch control signal. 

13. An apparatus according to claim 12, further compris 
ing a second transconductance ampli?er circuit, coupled to 
the output port of the poWer transfer netWork, that generates 
a second current responsive to a comparison of a current 
sense voltage representative of an output current derived 
from the output port of the poWer transfer netWork to a 
second reference voltage, and Wherein the capacitor is 
coupled to the second transconductance ampli?er circuit and 
charges responsive to the second current. 

14. An apparatus according to claim 12, Wherein the 
poWer source comprises a secondary Winding of a trans 
former. 

15. An apparatus according to claim 14, further compris 
ing a feedforWard circuit that generates the threshold voltage 
responsive to a voltage applied to a primary Winding of the 
transformer. 

16. An apparatus according to claim 14, further compris 
ing a second sWitching circuit that selectively couples a 
primary Winding of the transformer to a voltage source 
responsive to a second sWitch control signal, and Wherein 
the discharge circuit intermittently discharges the charged 
capacitance responsive to the second sWitch control signal. 

17. An apparatus according to claim 12, Wherein the 
sWitch control signal comprises a ?rst sWitch control signal, 
and Wherein the sWitching circuit comprises: 

a ?rst sWitch that operates responsive to a second sWitch 
control signal; 

a second sWitch that operates responsive to a third sWitch 
control signal; and 

a complementary driving circuit that generates the second 
and third sWitch control signals responsive to the ?rst 
sWitch control signal such that the ?rst and second 
sWitches operate in a substantially complementary 
fashion. 

18. An apparatus according to claim 17, Wherein the 
complementary driving circuit includes a monostable driv 
ing circuit that generates the third sWitch control signal. 
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12 
19. An apparatus according to claim 12, Wherein the 

comparator circuit and the sWitching circuit couple the 
poWer circuit to the poWer transfer netWork for intermittent 
intervals that are initiated responsive to a comparison of the 
voltage on the capacitor to the threshold voltage. 

20. An apparatus according to claim 12, Wherein the 
comparator circuit and the sWitching circuit couple the 
poWer circuit to the poWer transfer netWork for intermittent 
intervals that are terminated responsive to a comparison of 
the voltage on the capacitor to the threshold voltage. 

21. A method of operating a poWer converter apparatus 
comprising a transformer having primary and second 
Windings, a modulator circuit operative to couple and 
decouple a poWer source to and from the primary Winding, 
and a poWer transfer netWork con?gured to be coupled and 
decoupled to and from the secondary Winding, the method 
comprising: 

generating a current responsive to an output voltage at an 
output port of the poWer transfer netWork; 

charging a capacitance responsive to the generated cur 
rent; 

generating a control signal from the modulator circuit; 
intermittently discharging the capacitance responsive to 

the control signal; and 
transferring poWer from the secondary Winding of the 

transformer to the poWer transfer netWork responsive to 
a voltage on the capacitance. 

22. A method according to claim 21, Wherein generating 
a current responsive to an output voltage at an output port 
comprises generating the current responsive to a comparison 
of the output voltage to a reference. 

23. A method according to claim 22, Wherein generating 
the current responsive to a comparison of the output voltage 
to a reference comprises generating the current proportional 
to a difference betWeen a reference voltage and a voltage 
representative of the output voltage. 

24. A method according to claim 21, further comprising 
generating a second current responsive to an output current 
derived from the output port to charge the capacitance 
responsive to the second current. 

25. A method according to claim 24, Wherein generating 
a second current responsive to an output current derived 
from the output port to charge the capacitance responsive to 
the second current comprises generating the second current 
responsive to a comparison of the output current to a 
reference. 

26. A method according to claim 25, Wherein generating 
the second responsive to a comparison of the output current 
to a reference comprises generating the second current 
responsive to a comparison of a voltage representative of the 
output current to a reference voltage. 

27. Amethod according to claim 21, Wherein transferring 
poWer from the secondary Winding to the poWer transfer 
netWork responsive to a voltage on the capacitance com 
prises: 

generating a sWitch control signal responsive to a com 
parison of the voltage on the capacitance and a thresh 
old voltage; and 

selectively coupling the poWer source to the poWer trans 
fer netWork responsive to the sWitch control signal. 

28. Amethod according to claim 27, comprising operating 
the poWer transfer circuit as a buck regulator. 

29. A method according to claim 27, further comprising 
generating the threshold voltage responsive to a voltage 
applied to a primary Winding of the transformer. 
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30. A method according to claim 27, wherein the switch 
control signal comprises a ?rst sWitch control signal, and 
Wherein selectively coupling the poWer source to the poWer 
transfer netWork responsive to the sWitch control signal 
further comprises: 

operating a ?rst sWitch responsive to a second sWitch 
control signal; 

operating a second sWitch responsive to a third sWitch 
control signal; and 

14 
generating the second and third sWitch control signals 

responsive to the ?rst sWitch control signal such that 
the ?rst and second sWitches operate in a substantially 
complementary fashion. 

31. A method according to claim 30, Wherein operating a 
second sWitch responsive to a third control signal comprises 
triggering a monostable driving circuit that generates the 
third sWitch control signal. 

* * * * * 
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